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Evolutionary developmental biologyVertebrate jaw muscle anatomy is conspicuously diverse but developmental processes that generate such
variation remain relatively obscure. To identify mechanisms that produce species-speciﬁc jaw muscle pattern
we conducted transplant experiments using Japanese quail andWhite Pekin duck, which exhibit considerably
different jawmorphologies in associationwith their particular modes of feeding. Previous work indicates that
cranial muscle formation requires interactions with adjacent skeletal and muscular connective tissues, which
arise from neural crest mesenchyme. We transplanted neural crest mesenchyme from quail to duck embryos,
to test if quail donor-derived skeletal andmuscular connective tissues could confer species-speciﬁc identity to
duck host jaw muscles. Our results show that duck host jaw muscles acquire quail-like shape and attachment
sites due to the presence of quail donor neural crest-derived skeletal and muscular connective tissues.
Further, we ﬁnd that these species-speciﬁc transformations are preceded by spatiotemporal changes in
expression of genes within skeletal and muscular connective tissues including Sox9, Runx2, Scx, and Tcf4, but
not by alterations to histogenic or molecular programs underlying muscle differentiation or speciﬁcation.
Thus, neural crest mesenchyme plays an essential role in generating species-speciﬁc jaw muscle pattern and
in promoting structural and functional integration of the musculoskeletal system during evolution.© 2009 Elsevier Inc. All rights reserved.Introduction
The jaw complex has been elemental to the evolutionary success of
vertebrates. Composed primarily of skeletal and muscular tissues, the
jaws have enabled a multitude of taxa to occupy almost every
ecological niche. While much attention has been paid to the
anatomical diversiﬁcation of jaw bones and cartilages, few studies
have identiﬁed developmental mechanisms that provide species-
speciﬁc pattern to the closely associated musculature. Because the
muscles that attach to the upper and lower portions of the jaw
skeleton are integral for respiration and feeding, they have undergone
dramatic evolutionary change in conjunction with the adaptive
radiations of vertebrates (Bemis and Northcutt, 1991; Bowman,
1961; Cabuy et al., 1999; Edgeworth, 1935; Gosline, 1986; Haas,
2001; Holliday and Witmer, 2007; Smith, 1993; Tomo et al., 2007;
Turnbull, 1970;Wood,1965). For example, in groups such as pufferﬁsh
(Friel and Wainwright, 1997) and parrots (Tokita, 2004; Zusi, 1993),
the number and organization of jaw muscles have been extremely
modiﬁed, reﬂecting a high degree of plasticity in the developmental
programs of the ﬁrst (i.e., mandibular) arch (Schneider, 2005; Smith
and Schneider, 1998). Moreover, the direct relationship between
muscle architecture and feeding mechanics indicates that the ability
to modify the jaw complex rapidly is critical for a species toider).
l rights reserved.accommodate new ecological conditions (Bellwood and Choat, 1990;
Friel and Wainwright, 1999; Herrel et al., 2005; Reduker, 1983; Satoh,
1997; Schaefer and Lauder,1986; Schneider, 2007; Turingan,1994; van
der Meij and Bout, 2004). Thus, understanding developmental
mechanisms that facilitate musculoskeletal connectivity is a central
question in the evolutionary biology of vertebrates.
Broad aspects of jaw muscle development have been investigated
using a variety of organisms (Ericsson and Olsson, 2004; Gasser, 1967;
Hanken et al., 1997; McClearn and Noden, 1988; Rayne and Crawford,
1971; Schilling and Kimmel, 1997; Smith, 1994; Tokita, 2004;
Ziermann and Olsson, 2007), mainly in relation to the identiﬁcation
of genes expressed during jawmyogenesis (Bhattacherjee et al., 2007;
Bothe and Dietrich, 2006; Dastjerdi et al., 2007; Hacker and Guthrie,
1998; Hatta et al., 1990; Lu et al., 1998; Noden and Francis-West, 2006;
Noden et al., 1999; Sauka-Spengler et al., 2002; von Scheven et al.,
2006b); genetic speciﬁcation of the jaw muscle lineage (Dong et al.,
2006; Kelly et al., 2004; Knight et al., 2008; Lin et al., 2006; Lu et al.,
2002; Nathan et al., 2008; Shih et al., 2007; Tirosh-Finkel et al., 2006;
von Scheven et al., 2006a) and tissue interactions that mediate the
migration, differentiation, and patterning of myogenic mesenchyme
(Borue and Noden, 2004; Ericsson et al., 2004; Grenier et al., 2009;
Hall, 1950; Kelly et al., 2004; Noden, 1983b, 1986, 1988; Noden and
Trainor, 2005; Olsson et al., 2001; Rinon et al., 2007; Rodriguez-
Guzman et al., 2007; Schilling et al., 1996; Trainor and Krumlauf, 2000;
Trainor et al., 2002; Tzahor et al., 2003). Yet proximate factors that
underlie the evolution of jaw muscles remain poorly understood.
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mesoderm, which ﬂanks the neural tube (Couly et al., 1992; Evans and
Noden, 2006; Noden, 1983b; Wachtler and Jacob, 1986). In contrast,
the jaw skeleton forms from cranial neural crest mesenchyme, which
arises along the dorsal margins of the neural folds (Jheon and
Schneider, 2009; Le Lièvre, 1978; Noden, 1978). In addition to bone
and cartilage, cranial neural crest mesenchyme gives rise to muscle
connective tissues including ligaments, tendons, fascia, and epi- and
endomysia (Noden, 1983a). A range of approaches including mutant
screens in zebraﬁsh (Schilling et al., 1996), extirpations in amphibians
(Ericsson et al., 2004; Olsson et al., 2001), analyses of quail-chick
chimeras (Noden,1983b,1986), and genemis-expression experiments
in chick (Grammatopoulos et al., 2000) and Xenopus (Pasqualetti et
al., 2000), have revealed that cranial neural crest mesenchyme is
important for muscle differentiation and morphology (Francis-WestFig. 1.Quail–duck chimeric system to study jawmuscle development. (A) Head skeleton of ad
head with jaw muscles (pink dashed lines). (D) Duck head with jaw muscles. (E) Quail he
(H) Duck head with jaw muscles. (I) To generate “quck” chimeras, unilateral populations o
(HH) stage 9.5 and transplanted inplace of duckneural crest. (J) Growth curves of quail and du
they progressively departed in stage due to their different maturation rates. Embryos were an
am, mandibular adductor muscle; dm, mandibular depressor muscle; fb, forebrain; hb, hindet al., 2003; Köntges and Lumsden, 1996; Noden and Francis-West,
2006; Noden and Schneider, 2006; Noden and Trainor, 2005;
Schnorrer and Dickson, 2004). Based on such data, and the fact that
musculoskeletal elements of the jaw complex have so intimately co-
evolved, we hypothesized that neural crest mesenchyme is also the
source of species-speciﬁc muscle pattern.
To test our hypothesis we employed the quail–duck chimeric
system (Lwigale and Schneider, 2008). Quail and duck display unique
jaw morphologies in conjunction with their particular feeding habits
(Figs.1A–H). Quail are peckers whereas duck are strainers (Soni,1979;
Zweers, 1974; Zweers et al., 1977), and this behavioral dichotomy is
reﬂected in the size, shape, and attachment sites of their skeletal
elements and muscles (Figs. 1A–H). This allows quail–duck chimeras
(“quck”) to reveal the extent to which quail donor neural crest
mesenchyme can impart species-speciﬁc pattern on duck host jawult Japanese quail in lateral view. (B) Head skeleton of adult white Pekin duck. (C) Quail
ad skeleton in ventral view. (F) Duck head skeleton. (G) Quail head with jaw muscles.
f cranial neural crest cells were excised from quail donors at Hamburger and Hamilton
ck embryos. Although quail and duck embryoswere stage-matched for surgery at HH9.5,
alyzed during muscle speciﬁcation, differentiation, and morphogenesis. Abbreviations:
brain; mb, midbrain; pl, palatine bone; pt, pterygoid bone; ptm, pterygoid muscle.
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embryos mature at a considerably faster rate than do duck embryos
(Fig. 1J) and donor cells maintain their intrinsic timetable within a
host (Eames and Schneider, 2005, 2008; Merrill et al., 2008; Schneider
and Helms, 2003). This offers a straightforward way to identify
mechanisms through which neural crest mesenchyme potentially
regulates myogenesis—simply by screening for donor-induced
changes to the onset of gene expression or other events in the host.
Our results demonstrate that neural crest mesenchyme provides
species-speciﬁc patterning information to the jaw muscles. The ﬁrst
arch contains jaw closing muscles (i.e., mandibular adductor, pseudo-
temporal, and pterygoid), and jaw opening muscles (i.e., protractor of
the quadrate) (McClearn and Noden, 1988). In chimeric quck, duck
host ﬁrst archmuscles become shaped and attached like those of quail.
To understand how this feat is accomplished on the molecular level,
we analyzed expression of genes known to play a role during each
stage of myogenesis. While we do not observe neural crest-mediated
alterations to the timing of muscle speciﬁcation or differentiation, we
do ﬁnd spatiotemporal changes in expression of genes associated with
the formation of skeletal and muscular connective tissues, which
ultimately affect muscle shape and attachment sites.We conclude that
species-speciﬁc patterning of jaw musculature is mechanistically
coupled to evolutionary modiﬁcations in morphogenetic programs for
neural crest-derived skeletal and muscular connective tissues.
Materials and methods
Generation of chimeric embryos
Fertilized eggs (AA Lab Eggs, Inc.) of Japanese quail (Coturnix
coturnix japonica) and white Pekin duck (Anas platyrhynchos) were
incubated at 37 °C. Embryos werematched at stage 9.5 by applying the
Hamburger and Hamilton (HH) staging system (Hamburger and
Hamilton,1951) to quail and duck (Lwigale and Schneider, 2008). Eggs
were windowed and embryos visualized with Neutral Red (Sigma).
Unilateral populations of neural crest cells from the caudal forebrain
to the second rhombomere of the rostral hindbrain were grafted
orthotopically from quail to duck (Fig. 1I). Tungsten needles and
Spemann pipettes were used for surgical operations (Schneider,
1999). Donor tissue was inserted into a host that had an equivalent
region of tissue excised. After surgery, eggs were incubated until
reaching appropriate stages.
Histology and immunohistochemistry
Embryos were ﬁxed in Serra's (100% ethanol:37% formaldehyde:
glacial acetic acid, 6:3:1) overnight at 4 °C, parafﬁn embedded, and cut
into 10 μm sections. Representative sections were stained with
Milligan's Trichrome (Presnell et al., 1997) for visualization of
cartilage, bone, and muscle. Three-dimensional images of ﬁrst arch
jaw muscles and portions of associated skeletal elements were
generated via reconstruction of serial sections using the WinSurf
software package (SURF driver, Hawaii).
To detect quail cells in chimeric embryos, sections were immu-
nostained with the quail nuclei-speciﬁc Q¢PN antibody (1:10,
Developmental Studies Hybridoma Bank (DSHB)) (Schneider, 1999).
Detection of myosin heavy chain was carried out on sections using
monoclonal antibody A4.1025 (1:50, DSHB). For whole-mount myosin
heavy chain staining, embryos were ﬁxed in 4% paraformaldehyde
and incubated with MF20 monoclonal antibody (1:100, DSHB)
(Klymkowsky and Hanken, 1991).
Gene expression analyses
Sections adjacent to those used for histological and immunohisto-
chemical analyses were processed for in situ hybridization (Albrechtet al., 1997) with 35S-labeled chicken riboprobes to genes expressed in
myocytes or their precursors (Tbx1, Capsulin, Myf5, and MyoD); in
chondrocytes or their precursors (Sox9 and Col2); in osteocytes or
their precursors (Runx2); and in tenocytes as well as epi- and
endomysial cells or their precursors (Scx and Tcf4). Sections were
counterstainedwith a ﬂuorescent blue nuclear stain (Hoechst; Sigma).
Results
Neural crest mesenchyme establishes species-speciﬁc jaw
muscle morphology
To test the ability of neural crest mesenchyme to provide species-
speciﬁc pattern to the jaw musculature, we transplanted unilateral
pre-migratory populations of cranial neural crest cells between stage-
matched quail and duck embryos (Fig. 1I). This experimental
approach maintained a non-surgical side as an internal control
(Eames and Schneider, 2005, 2008; Merrill et al., 2008; Tucker and
Lumsden, 2004), and provided for an unambiguous comparison
between quail donor- and duck host-mediated muscle patterning in
the same chimeric embryo. A further analytical tool was the
signiﬁcant divergence in growth rates between quail and duck.
Within two days after surgery and then consistently throughout the
rest of the developmental period analyzed, quail donor cells remained
approximately three embryonic (HH) stages ahead of the duck host,
reﬂecting the different maturation rates of control quail and duck
embryos (Fig. 1J).
The architecture of ﬁrst arch jaw muscles differed greatly between
adult quail and duck (Figs. 1C, D, G, H). Histological sections revealed
that these differences were also apparent in quail and duck embryos
(Figs. 2A–D). For example, the spatial relationships among the
pterygoid muscle, which is the most medial jaw muscle, and the
palatine and pterygoid bones (Figs. 1E, F), to which the pterygoid
muscle attaches were quite dissimilar. By HH36, the duck pterygoid
muscle was thick and connected to the caudally located pterygoid
bone, whereas in quail, this muscle was relatively thin and elongated
much more rostrally towards the palatine bone. In chimeric quck, the
host side maintained an equivalent spatial relationship among the
pterygoid muscle and the palatine and pterygoid bones to that
observed in control duck (Fig. 2E). However, we observed striking
changes to the musculoskeletal morphology on the donor sides of
quck. For example, the pterygoid muscle as well as the palatine and
pterygoid bones were transformed to resemble those present in
control quail (Fig. 2F). Staining adjacent sections with the anti-quail
Q¢PN antibody conﬁrmed that large amounts of quail cells were
present on the donor sides, particularly throughout the skeletal and
muscular connective tissues, whereas few to no quail cells were
detected on the host sides (Figs. 2G, H).
To evaluate in further detail the effects of cranial neural crest
mesenchyme on jaw muscle size and shape, we generated and
compared three-dimensional reconstructions of ﬁrst archmuscles and
their associated skeletal elements across several stages of quail, duck,
and chimeric quck. We found that jaw muscle size and shape were
consistently different between control quail and duck. Within these
control embryos the left and right sides were always equivalent and
symmetrical. In contrast, the donor sides of chimeric quck contained
jaw muscles that were signiﬁcantly transformed in shape and
attachment sites to resemble those of an older quail (n=16). For
example, in HH36 quail, the dorso-medial part of the pterygoidmuscle
was elongated rostrally and almost reached the midpoint of the
palatine bone (Figs. 3A, F). In duck embryos at the same embryonic
stage, the dorso-medial portion of the pterygoid muscle never
projected rostrally and this muscle did not approach the palatine
bone dorsally (Figs. 3B, G). In HH39 quail, the pterygoid muscle was
larger overall and relatively thinner and ﬂatter than that in HH36 quail
(Figs. 3D, I). Moreover, the rostral projection of the dorso-medial part
Fig. 2. Jaw muscle morphology in quail, duck, and chimeric quck embryos. (A) Schematic of control duck at HH36 showing spatial relations among the jaw muscles and skeleton in
sagittal section. (B) Schematic of a control quail at HH36. (C) Histological section of a control duck. Note the robust rhomboidal shape of the pterygoid muscle (pink dashed line and
arrows), which is the most medial ﬁrst arch jaw muscle. (D) Equivalent section of a control quail. Note the ﬂattened and elongated shape of the pterygoid muscle and its topological
relationships to the palatine and pterygoid bones. (E) The host side of chimeric quck is equivalent to that seen in control duck. (F) The donor side of chimeric quck is like that found
in control quail, especially the shape of the pterygoid muscle and its relations to the palatine and pterygoid bones. (G) The duck host side of quck does not contain quail donor cells
(i.e., Q¢PN-negative). (H) In contrast, quail cells (i.e., Q¢PN-positive) are found throughout the jaw region, and in connective tissues around the host pterygoid muscle on the donor
side. Abbreviations: em, eye muscles; oc, orbital cartilage; pl, palatine bone; pqm, protractor of the quadrate muscle; pt, pterygoid bone; ptm, pterygoid muscle.
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also attached to the palatine bone more broadly. In HH39 duck, the
shape of the pterygoid muscle was similar to that at HH36, although
the size of themusclewas substantially increased (Figs. 3E, J). In HH36quck, a clear asymmetry was observed between the host and donor
sides. Speciﬁcally, the more rostral position of the attachment sites
and the shape of the pterygoid muscle on the donor side more closely
resembled that of an HH39 quail, while the host side looked like the
Fig. 3. Three-dimensional reconstructions of the ﬁrst arch jaw complex in quail, duck, and chimeric quck embryos. (A, B) Spatial relations among the palatine bone (pl; blue),
pterygoid bone (pt; aqua), and pterygoid muscle (ptm; pink) are shown in dorsal view of control quail and duck at HH36. (C) Dorsal view of the duck host (left side) and quail donor
(right side) of a chimeric quck at HH36. Note the asymmetry in musculoskeletal morphology, especially the rostral extension of the pterygoid muscle (pink arrow) like that seen in
control quail at HH39. (D, E) Dorsal view of quail and duck at HH39. (F, G) Ventral view at HH36. (H) Ventral view of a quck at HH36. (I, J) Ventral view at HH39. (K, L) Rostral view at
HH33. (M) Rostral view of a quck at HH33. Note the asymmetry in shape especially that the muscle is reduced in height (pink arrow) like that seen in control quail at HH36 (pink
arrow). (N, O) Rostral view at HH36. (P, Q) Caudal view at HH33. (R) Caudal view of a quck at HH33. (S, T) Caudal view at HH36. (U) Rostral view of ﬁrst arch (1st) jaw muscles and
quadrate cartilage (qc; green) of control duck (left column) and quail (right column) at HH28. (V) Rostral view of a quck at HH28. Note the robust extension of the pterygoid muscle
on the donor side like that seen in control quail at HH31. (W) Rostral view of duck and quail at HH31.
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equivalent to that found on the host side and in HH36 duck controls.
To discern the steps through which these species-speciﬁc
differences in jaw muscle morphology arose we examined earlier
embryonic stages. In HH33 quck, jaw muscles on the donor side weredistinct from those on the host side and resembled the shape of that
observed in control quail at HH36 especially in terms of their overall
height (n=2, Figs. 3K–T). In quail at HH28, the medial portion of the
ﬁrst arch jaw muscle mass was thicker compared to the correspond-
ing part in HH28 duck (Fig. 3U). In HH28 quck, the muscle mass on
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stages, whereas the shape was considerably altered on the donor side
like that seen in control quail embryos (n=5; Fig. 3V). The medial
portion of the muscle was thicker and the rostro-medial projection
was more conspicuous on the donor side. By using the quadrate
cartilage as a landmark, we could observe that the angle of the
muscle projection was nearly equivalent to that seen in control quail
embryos at HH31 rather than at HH28 (Fig. 3W). The size of the
muscle on the donor side was like that on the host side and in control
duck at HH28.
Neural crest mesenchyme does not set the timing of muscle
differentiation or speciﬁcation
To understand the developmental basis for the morphological
transformations observed in the jaw muscles of chimeric quck, we
evaluated the extent to which neural crest mesenchyme inﬂuenced
the differentiation and speciﬁcation of paraxial mesoderm. We used
immunohistochemistry to examine the onset of myosin heavy chain
synthesis in the ﬁrst arch jaw muscle primordia of quail, duck, and
quck chimeras. Myosin is a structural protein in skeletal muscle and
its synthesis is indicative of differentiated myoﬁbers (Noden et al.,
1999). If neural crest mesenchyme regulates the timing of muscle
differentiation, then the program of myogenesis in quck should
follow the quail donor schedule and be accelerated by three stages
in the duck host, similar to what we have observed for quck beaks
(Schneider and Helms, 2003), feathers (Eames and Schneider,
2005), jaw bones (Merrill et al., 2008), and jaw cartilages (Eames
and Schneider, 2008).
First arch muscles of neither quail nor duck had differentiated at
HH20 based on the presence of myosin heavy chain (n=3; Figs. 4A,
B). Instead, myosin heavy chainwas detected in jawmuscle precursors
of quail and duck at HH23 (Figs. 4D, E). In sections of quail and duck at
HH20, no myosin heavy chain was detected despite MyoD-positive
domains in the ﬁrst arch muscle mass (n=2; Figs. 4F, G, K, L). In
chimeric quck at HH20, with large amounts of quail-derived donor
mesenchyme throughout the ﬁrst arch and especially surrounding the
MyoD-expressing muscle core (Figs. 4C, H), we observed no myosin
heavy chain on either the host or donor side (n=6; Fig. 4M). Myosin
heavy chain, however, was observed at HH23 in quail and duck
adjacent to MyoD-expressing cells (n=2; Figs. 4I, J, N, O). We also
analyzed quck at HH22 (n=2; Figs. 4P, Q) and HH23 (n=2; Fig. 4R),
and only observed myosin heavy chain staining at HH23. Thus, muscle
differentiation followed along the normal timetable of the duck host
and was not accelerated by quail donor mesenchyme.
To assay for donor-induced changes to host molecular programs
underlyingmyogenic speciﬁcation, we performed in situ hybridization
with probes for Tbx1, Capsulin, Myf5, and MyoD at HH13.5 through
HH16. Tbx1 and Capsulin were strongly expressed by jaw muscle
precursors in stages prior to HH15 (Figs. 5D, F, G, I). Similar to previous
reports (Noden et al., 1999), Myf5 and MyoD were not expressed at
HH13.5 but were detected in ﬁrst arch muscle precursors by HH15, in
both quail and duck (Figs. 5J, L, M, O). When we analyzed quck at
HH13.5, we observed no premature induction of Myf5 or MyoD in the
jaw muscle progenitors despite large amounts of adjacent quail
donor-derived mesenchyme (Figs. 5B, K, N). Tbx1 and Capsulin, whichFig. 4. Neural crest-independent differentiation of ﬁrst arch muscle. (A, B) Whole-mount HH
heavy chain as a marker for muscle differentiation. No jaw muscles have begun to differenti
section of an HH20 quck stained with Q¢PN antibody, showing quail donor-derived neural c
muscles (pink dashed lines and arrows). (D, E) Whole-mount HH23 quail and duck embryo
MyoD gene expression in jaw muscle precursors of quail, duck, and quck embryos at HH20. (
myosin heavy chain synthesis has not yet begun in jaw muscles as detected with A4.1025 an
the donor side, myosin heavy chain is not detected in quck at HH20 (i.e., A4.1025-negative). (N
in control quail and duck (arrow). (P) First arch jaw muscles in HH22 quck express MyoD. (
Only in HH23 quck do ﬁrst archmuscles begin differentiating as indicated bymyosin heavy ch
quail embryos.were already expressed in controls at HH13.5, were detected on both
host and donor sides of quck (n=5; Figs. 5E, H). Thus, we observed
no donor-mediated changes to the temporal expression patterns of
these genes.
Neural crest-derived muscle connective tissues execute autonomous
molecular programs
To assay for molecular changes in neural crest-derived skeletal and
muscular connective tissues that could be associated with the species-
speciﬁc patterning of muscle, we analyzed spatiotemporal expression
patterns of Tcf4, Sox9, Runx2, Col2, and Scx in quail, duck, and quck
chimeras.
At HH20, Tcf4was observed in a wide variety of domains including
the limbs, somites, heart, and central nervous systems, yet Tcf4 was
not detected in ﬁrst arch mesenchyme of quail (Fig. 6F) and duck (Fig.
6G). However, by HH23, Tcf4 was expressed highly and broadly in
neural crest mesenchyme surrounding the ﬁrst arch muscle mass of
both quail and duck (Figs. 6I, J). On the host side of quck at HH20, Tcf4
expression was not observed in the mesenchyme, but on the contra-
lateral donor side, Tcf4 expression was strongly up-regulated in quail-
derived mesenchyme surrounding Tbx1-expressing ﬁrst arch muscle
(n=6; Fig. 6H). Levels of Tcf4 expression were comparable to those
found in control quail and duck embryos at HH23 (Figs. 6I and J). Sox9
was expressed broadly throughout the mesenchyme around ﬁrst arch
muscles in quail and duck at HH20 (Figs. 6K and L). By HH23, Sox9
levels were higher and the domains more restricted to areas destined
to form cartilage (Figs. 6N and O). In quck at HH20, Sox9 expression on
the host side resembled that of duck at HH20, whereas the donor side
was up-regulated in a more limited domain (Fig. 6M).
Expression of Scx was observed in diffuse domains along the jaw
muscles at HH26 (Figs. 7M, N). By HH29, Scx expression was up-
regulated and restricted to sites of presumptive tendon located
between jaw muscles and their supporting skeleton such as the
articular cartilage (Figs. 7Q, R). Scx expression in quck was altered in
association with quail donor mesenchyme (Fig. 7D). On the host side
of HH26 quck, Scx expression was diffuse and equivalent to that
observed in control duck (Fig. 7O), but on the donor side, Scx was up-
regulated and restricted around the jaw muscles (Fig. 7P). Similarly,
we observed up-regulation of Col2 in presumptive cartilage (Figs. 7S–
X) and Runx2 in presumptive bone on the donor side of quck at HH26
like that observed at HH29 (Figs. 7Y, Z, A′–D′).
Discussion
Cranial neural crest mesenchyme regulates species-speciﬁc jaw
muscle pattern
The ability of neural crest mesenchyme to regulate cranial muscle
development has been known for more than half a century. For
example, neural crest extirpations in amphibian embryos disrupted
jawmuscle architecture (Ericsson et al., 2004; Hall, 1950; Olsson et al.,
2001). In experiments using avians, the musculoskeletal anatomy of
the second arch (i.e., hyoid) was transformed into that of the ﬁrst arch
(i.e., mandibular) simply by exchanging pre-migratory second and
ﬁrst arch neural crest (Noden,1983b). Zebraﬁshmutants revealed that20 quail and duck embryos in lateral view, stained with MF20 antibody against myosin
ate, whereas the somites, heart (ht), and lateral rectus (lr) eye muscle have. (C) Frontal
rest mesenchyme (black dots) around unlabeled duck host-derived ﬁrst arch (1st) jaw
s stained with MF20. Note the differentiation of ﬁrst arch jaw muscles (arrows). (F–H)
I, J)MyoD expression in HH23 quail and duck. (K, L) In quail and duck embryos at HH20,
tibody. (M) Despite the presence of large amounts of quail neural crest mesenchyme on
, O) At HH23, myosin heavy chain (i.e., A4.1025-positive black staining) can be detected
Q) But myosin heavy chain is not detected in quck at HH22 (i.e., A4.1025-negative). (R)
ain (i.e., A4.1025-positive black staining), which is the same stage as in control duck and
Fig. 5. Neural crest-independent regulation of ﬁrst arch muscle speciﬁcation. (A) Duck embryo at HH13.5 in lateral view. Note the location of the ﬁrst (mandibular) arch (ma).
(B) Frontal section through the ﬁrst arch of a quck at HH13.5 stained with Q¢PN. Note quail donor-derived mesenchyme (i.e., Q¢PN-positive) surrounding the duck host-derived
muscle core (arrow). (C) Quail embryo at HH15. (D) Tbx1 expression in jaw muscle precursors (arrows) of a duck at HH13.5. (E) Tbx1 expression in quck at HH13.5. Note that Tbx1
is strongly expressed on both donor and host sides. (F) Tbx1 expression in quail at HH15. (G) Capsulin (Caps) expression in jaw muscle precursors (arrows) of a duck at HH13.5.
(H) Caps expression in a quck at HH13.5. Note that Caps is strongly expressed on both donor and host sides. (I) Caps expression in a quail at HH15. (J)Myf5 is not yet expressed in jaw
muscle precursors of duck at HH13.5. (K) Myf5 is also not expressed in jaw muscle precursors of quck at HH13.5, despite the presence of quail donor-derived neural crest
mesenchyme. (L)Myf5 is expressed in quail by HH15 (arrows). (M)MyoD is not yet expressed in jawmuscle precursors of duck at HH13.5. (N)MyoD is also not expressed in the jaw
muscle precursors of quck at HH13.5, despite the presence of quail donor-derived neural crest mesenchyme. (O)MyoD is just beginning to be expressed at low levels in the ﬁrst arch
muscles of quail at HH15 (arrows).
318 M. Tokita, R.A. Schneider / Developmental Biology 331 (2009) 311–325defects in cranial neural crest secondarily affect the differentiation of
jaw muscles (Schilling et al., 1996). When Hoxa2, a gene normally
expressed in neural crest mesenchyme and required for second arch
identity, was expressed ectopically throughout the jaw primordia of
either Xenopus or chick embryos, jaw muscle morphology was
transformed homeotically (Grammatopoulos et al., 2000; Pasqualetti
et al., 2000). While such studies have provided important insights on
the role of neural crest cells during muscle differentiation and
morphogenesis, precise mechanisms through which such re-pattern-
ing occurs, or the extent to which neural crest cells inﬂuence the
generation of species-speciﬁc jaw muscle morphology, have not been
comprehensively investigated.
In contrast, our study demonstrates that neural crest mesenchyme
is the source of species-speciﬁc jaw muscle pattern. We detailed jaw
muscle anatomy that distinguishes quail from duck embryos and thengenerated chimeras with quail donor-derived skeletal and muscular
connective tissues. Quck jaw muscles were transformed in shape to
resemble those found in quail, even though these muscles were
derived entirely from the duck host. Such alterations were not only
species-speciﬁc but also stage-speciﬁc, in that muscles on the donor
side were more similar to those found in control quail three stages
later. Thus, neural crest mesenchyme directs patterning and morpho-
logical integration of the ﬁrst arch musculoskeletal complex.
Cranial muscle histogenesis is regulated independent of
muscle morphogenesis
Unlike our previous work on bird beaks and feathers (Eames and
Schneider, 2005; Jheon and Schneider, 2009; Schneider, 2005;
Schneider and Helms, 2003) in which we show unequivocally that
Fig. 6.Neural crest mesenchyme autonomously executes molecular programs for skeletal andmuscular connective tissues. (A–E) Frontal sections through the oral cavity (oc), andmaxillary (mx) andmandibular (ma) primordia of quail, duck,
and quck showing Tbx1 expression in presumptive ﬁrst arch (1st) jawmuscles. (F, G) In control quail and duck embryos at HH20, Tcf4 expression is not detected in ﬁrst arch mesenchyme. (H) Tcf4 is also not observed on the host side of quck at
HH20. However, on the contra-lateral donor side of the same chimeric embryo, coincident with a large amount of quail-derived mesenchyme (see Fig. 4, panel C), Tcf4 is strongly expressed around jaw muscle precursors (arrow). (I, J) These
higher expression levels and patterns are observed in quail (arrows) and duck at HH23. (K, L) In control quail and duck embryos at HH20, Sox9 is expressed throughout ﬁrst archmesenchyme. (M) Sox9 is detected at higher levels and in amore
restricted spatial domain on the donor side of quck at HH20 (arrow). (N, O) Similar expression patterns for Sox9 are observed in quail and duck at HH23 (arrow).
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321M. Tokita, R.A. Schneider / Developmental Biology 331 (2009) 311–325quail donor mesenchyme can accelerate duck host gene expression
and histogenic differentiation by three stages, herewe ﬁnd that neural
crest mesenchyme does not inﬂuence the timing of muscle differ-
entiation. What we would have expected to see in quck if quail donor
mesenchyme affected the timing of duck hostmuscle differentiation is
positive myosin heavy chain staining by HH20 (three stages earlier
than normal in duck) and premature expression of molecular makers
that specify cranial myogenic lineages. Instead, host muscle followed
its normal time course for development. We examined Tbx1, which is
a T-box-containing transcription factor known for its contributions to
the jaw muscle defects in DiGeorge syndrome (Kelly et al., 2004), and
which is transcribed in avian cranial paraxial mesoderm as early as
HH7 (Bothe and Dietrich, 2006; Dastjerdi et al., 2007). We also
analyzed Capsulin, which encodes a basic helix–loop–helix (bHLH)
transcription factor and regulates ﬁrst arch muscle development
through its actions with another bHLH transcription factor, MyoR (Lu
et al., 2002). Capsulin is expressed in the developing jaw musculature
of chick embryos around HH10 (von Scheven et al., 2006b). Because
these genes were already expressed in cranial paraxial mesoderm of
quail and duck prior to and at the time of surgery (HH9.5), we did not
expect, nor did we observe, any changes to their expression by quail
donor mesenchyme.
Similarly Myf5 and MyoD, which are bHLH transcription factors
required for the speciﬁcation of skeletal myoblasts (Rudnicki and
Jaenisch, 1995; Rudnicki et al., 1993; Tajbakhsh and Buckingham,
2000), and which are expressed in ﬁrst arch mesoderm of chicks by
HH15 (Noden et al., 1999), appear to be unaffected by faster-
developing quail donor mesenchyme. Moreover, because Myf5 and
MyoD are required to advance production of muscle structural
proteins and permit the assembly of myoﬁbers (Buckingham, 2001;
Molkentin and Olson, 1996), the temporal self-governance of the
muscle speciﬁcation program appears to carry forward to the process
of muscle differentiation. This is supported by the fact that we did not
observe any neural crest-induced changes to the timing of myosin
heavy chain synthesis.
In contrast to our results, other experimental evidence suggests
that certain aspects of head muscle speciﬁcation and differentiation
are indeed neural crest-dependent. For example, in zebraﬁsh chinless
mutants, the skeletal fates of cranial neural crest cells are perturbed
and this phenotype is accompanied by ﬁrst arch jaw muscles that are
speciﬁed but fail to differentiate (Schilling et al., 1996). Also, muscle
differentiation does not occur properly when neural crest mesench-
yme is mis-regulated or absent (Rinon et al., 2007). Undoubtedly,
muscle histogenesis is a complex process that involves numerous gene
regulatory networks, reciprocal signaling interactions, and multiple
hierarchical levels of control. Wemerely focused on one aspect, which
is the timing of muscle speciﬁcation and differentiation, where neural
crest mesenchyme does not seem to play a role. This does not preclude
the distinct possibility that neural crest mesenchyme inﬂuences other
aspects of muscle histogenesis. Thus, our results are consistent with
the notion that the myogenic molecular program is regulated by a
combination of intrinsic and extrinsic factors (Bothe et al., 2007; von
Scheven et al., 2006a). But since we could not point to changes in the
timing of myogenic speciﬁcation or differentiation to explain the
morphological transformations observed in chimeric quck, we looked
for alterations in expression of genes associated with the formation of
skeletal and muscular connective tissues.Fig. 7.Neural crestmesenchyme autonomously executesmolecular programs for skeletal and
and mandibular (ma) primordia of quail and duck at HH26 stained with Trichrome (TC) show
sides of a quck at HH26 stained with anti-quail (Q¢PN) antibody. Note that few quail cells are
muscular connective tissues on the donor side. (E, F) Sections of quail and duck at HH29. Th
heavy chain as detected with A4.1025 antibody. (M, N) Diffuse expression of Scx in neural cr
host side of quck. (P) In contrast, Scx is up-regulated on the donor side of quck coincident w
restricted to the boundary between the jaw skeleton and the muscles (arrows). (Q, R) Scx is
duck. (S–X) Col2 expression in presumptive jaw cartilage. Note the up-regulation of Col2 on
expression in presumptive jaw bone. Note up-regulation of Runx2 on the donor side of HH2Neural crest-derived connective tissues provide species-speciﬁc jaw
muscle pattern
Signaling between muscle connective tissues and muscle is
essential for generating musculoskeletal morphology. For example
during limb development, muscle pattern is established by interac-
tions between lateral plate mesoderm, which gives rise to the
appendicular skeleton and associated muscle connective tissues, and
somitic mesoderm, which generates skeletal muscle (Kardon, 1998;
Kardon et al., 2003; Rodriguez-Guzman et al., 2007). Moreover, lateral
plate-derived mesenchyme substantially affects the differentiation
and morphogenesis of somitic trunk mesoderm (Burke and Nowicki,
2003; Nowicki and Burke, 2000; Winslow et al., 2007). Lateral plate
mesoderm and its muscle connective tissue derivatives like tendon
and ligament express genes such as Tcf4 and Scx (Edom-Vovard and
Duprez, 2004). Tcf4 is a transcription factor that functions down-
stream of the Wnt/β-catenin signaling pathway, which is indispen-
sable to skeletal muscle development (Anakwe et al., 2003; Bonafede
et al., 2006; Miller et al., 2007). Expression of Tcf4 in lateral plate-
derived limb mesenchyme determines the spatial pattern of limb
skeletal muscles (Kardon et al., 2003), and our experiments suggest
that Tcf4 may play a similar role during jaw muscle morphogenesis.
The transcription factor, Scx is also a distinct marker for tendon and
ligament progenitors and differentiated cells (Cserjesi et al., 1995;
Schweitzer et al., 2001). Scx has been well studied in the trunk (Brent
et al., 2005; Brent and Tabin, 2004; Shukunami et al., 2006) but less so
in the head (Grenier et al., 2009; Pryce et al., 2007). Tendon
differentiation is disrupted in Scx−/− mice (Murchison et al., 2007).
Our analyses conﬁrm that Tcf4 and Scx are dynamically expressed
in jawmuscle connective tissues and precursor cells, and demonstrate
that these genes are regulated by neural crest mesenchyme. We
observed diffuse Scx expression in the connective tissues surrounding
the jaw muscle mass on the host side, and up-regulated expression
along the musculoskeletal junction on the donor side. Similarly, Tcf4
expressionwas accelerated and highly restricted on the donor sides of
quck around the presumptive jaw muscles. This donor-induced
expression of Tcf4 occurred at HH20, and was also accompanied by
up-regulation of Sox9 in domains around the ﬁrst arch muscle mass.
By HH22, Sox9 becomes restricted on the donor side to regions where
premature cartilage will ultimately form (Eames and Schneider,
2008). Similarly, by HH26 in quck, we observed accelerated Runx2
expression, and these domains correspond to areas destined to form
premature bone in quck (Merrill et al., 2008). Based on such ﬁndings
we propose that by executing autonomous molecular programs,
neural-crest-derived skeletal and muscular connective tissues convey
species-speciﬁc patterning information to the jaw muscles (Fig. 8).
While precise molecular mechanisms through which neural crest-
derived connective tissues might provide patterning information to
jaw muscles are not known, several signaling pathways including
Wnt, BMP, and FGF, likely participate by regulating an array of
downstream targets. For example, cranial muscle differentiation
appears to involve inhibitors from the BMP and Wnt signaling
pathways that are secreted by neural crest mesenchyme (Tzahor et
al., 2003). Likewise, at least in the trunk and limbs, Scx appears to be
regulated primarily by FGFs such as Fgf4 and Fgf8 during the formation
of tendon progenitors (Brent et al., 2003, 2005; Brent and Tabin, 2004;
Edom-Vovard et al., 2002; Smith et al., 2005). But in the head, manymuscular connective tissues. (A, B) Sagittal histological sections throughmaxillary (mx)
ing ﬁrst (1st) arch muscles (pink dashed line). (C, D) Sections showing host and donor
found on the host side whereas many quail cells are distributed throughout skeletal and
e quadrate (qc) and articular (ac) cartilages of the jaw are clearly visible. (G–L) Myosin
est-derived ﬁrst arch mesenchyme. (O) Similarly diffuse expression is observed on the
ith the presence of quail-derived neural crest mesenchyme. Moreover, this domain is
highly expressed and restricted to presumptive tendons by HH29 in quail (arrows) and
the donor side of HH26 quck like that observed in HH29 quail (arrow). (Y–D′) Runx2
6 quck like that observed in HH29 quail (arrow).
Fig. 8. A model for the role of neural crest mesenchyme in generating species-speciﬁc jaw muscle morphology. Quail (light yellow) and duck (light blue) embryos have distinct jaw
muscle morphology. Jawmuscle is derived from cranial paraxial mesoderm (pink) and jawmuscle connective tissue forms from cranial neural crest cells (bright yellow for quail and
bright blue for duck). Around HH22, Sox9 and Tcf4 are expressed in restricted domains within ﬁrst arch neural crest mesenchyme destined to form skeletal and muscular connective
tissues (bright yellow circles for quail and bright blue for duck). Subsequently (after HH24), Scx and Runx2 are also up-regulated in mesenchyme surrounding presumptive jaw
muscle. These transcription factors are regulated spatiotemporally, according to species-speciﬁc developmental programs (bright yellow circles for quail and bright blue circles for
duck). In older embryos, Tcf4 is primarily expressed in epi- and endomysial connective tissues of jawmuscle and Scx is expressed in tendons that connect the jaw muscles to skeletal
elements including the quadrate (qc) and Meckel's (mc) cartilages, and the palatine (pl) and pterygoid (pt) bones. In chimeric quck, expression in skeletal and muscular connective
tissues follows the donor species, which then determines jaw muscle pattern (large orange arrows). While neural crest-derived skeletal and muscular connective tissues affect
muscle shape and attachment sites, they do not appear to inﬂuence the timing of muscle speciﬁcation or differentiation.
322 M. Tokita, R.A. Schneider / Developmental Biology 331 (2009) 311–325FGFs are not expressed in neural crest-derived jaw mesenchyme;
rather their transcripts are found in overlying ectoderm (Mina et al.,
2002; Shigetani et al., 2002). Instead, FGF receptors such as Fgfr1,
Fgfr2, and Fgfr3, which regulate Scx expression within the somites
(Brent and Tabin, 2004), are expressed in mandibular mesenchyme
and in condensing cartilage (Havens et al., 2006; Mina et al., 2002;
Wilke et al., 1997), and are regulated by neural crest mesenchyme
(Eames and Schneider, 2008). Therefore, the implementation of jaw
muscle pattern likely involves signaling interactions among a variety
of tissues.
Neural crest mesenchyme underlies the evolution of jaw
muscle morphology
Evolutionary diversity in jaw muscle morphology can arise by a
transposition of attachment sites on skeletal elements, changes in
muscle shape, an increase or decrease in the size of individual
muscles, and/or modiﬁcations in the number of muscles comprising agiven complex. Our results reveal that neural crest mesenchyme
mediates the ﬁrst two processes, and in so doing, plays a fundamental
mechanistic role in establishing species-speciﬁc muscle morphology.
However, in terms of inﬂuencing muscle size, neural crest mesench-
yme appears to have little effect. Analysis of quck chimeras shows that
the size of the jaw muscles on the donor side was about equivalent to
that found on the host side and not as large as the muscle mass
observed in quail embryos three stages later. In contrast, quck muscle
shape was like that of an older quail. Therefore, muscle size and shape
appear to be under separate regulatory control and can likely evolve
independently. Several molecular factors inﬂuence the size of skeletal
muscles. For example, myostatin (Gdf8), is expressed in skeletal
muscles (Lee, 2004) and functions as a negative regulator since all
myostatin-mutated cattle, dogs, mice, and zebraﬁsh have increased
skeletal muscle mass (Amali et al., 2004; McPherron et al., 1997;
McPherron and Lee, 1997; Mosher et al., 2007). Myosin protein
determines muscle size and there is a correlation betweenmuscle size
reduction in humans and mutations in myosin heavy chain genes
323M. Tokita, R.A. Schneider / Developmental Biology 331 (2009) 311–325(Stedman et al., 2004). That we observed no neural crest-dependent
changes to the timing of myosin heavy chain synthesis is consistent
with the absence of transformations in quck muscle size.
In terms of muscle number, individual jaw muscles are separated
from one another by fascia, and embryonically, muscle segregation is
achieved by the penetration of neural crest mesenchyme into the
muscle progenitor pool (Bogusch, 1986; Francis-West et al., 2003;
Noden and Francis-West, 2006). Although we did not detect any in
quck, spatiotemporal changes in the migration and/or differentiation
of connective tissue precursor cells could potentially lead to variation
in the number of jawmuscles like that found in several vertebrate taxa
(Friel and Wainwright, 1997; Nakae and Sasaki, 2004; Tokita, 2004;
Tokita et al., 2007; Zusi, 1993). Thus, the evolution of jaw muscle size,
shape, attachments, and number likely occurs through various
morphogenetic processes decoupled from one another in a manner
that provides maximum phenotypic plasticity. But at the same time,
the capacity of neural crest mesenchyme to orchestrate its genetic
programs autonomously, and as a consequence implement muscle
pattern across species via its connective tissue derivatives, provides a
potent mechanism to explain how the musculoskeletal system
remains structurally and functionally integrated during the course of
vertebrate evolution.
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